Nearly all intermetallic compounds in the Mg-Al phase diagram have been characterized 
welding of Al to Mg should be done at temperatures where this alloy remains stable and under Al-rich conditions to favor its formation.
Introduction
Complex metallic alloys (CMAs) refer to a family of metal alloys that are important for engineering applications due to their unusual mechanical properties such as extensive plasticity associated with large yield strains [1] . One type of CMA, the Samson phases, exhibit complicated crystal structures with hundreds or even thousands of atoms in a unit cell. Because of their structural complexity, they possess the nickname "Samson's monsters" [2] . Samson phases are present in many binary alloy systems such as Zr-Zn [3, 4] , Na-Cd [4] , Cu-Cd [5] , and Mg-Al [6] , among which Mg-Al Samson phases are of particularly interest for two reasons. First, Mg-Al alloys have high strengthto-weight ratios that offer a wide range of energy-efficiency applications in transportation by reducing weight to save fuel [7] . Second, Mg-Al Samson phases, which exist in the Mg-Al alloy phase diagram [8] , significantly affect the mechanical properties of Mg-Al alloys. For instance, Mg-Al Samson phases together with Mg 17 Al 12 precipitates form at interfaces between Mg and Al during welding and are thought to be the cause of weld cracks [9] .
The chemical formula of Mg-Al Samson phases (Mg 2 Al 3 ) is simple, suggesting perhaps an analogously simple structure. However, in reality, Mg 2 Al 3 crystallizes into two structures over different temperature ranges: the cubic β and the hexagonal β' phases.
According to the most recent experiment revisiting the crystal structures of Mg 2 Al 3 Samson phases [10] , the low-temperature β phase undergoes a phase transition to the β' phase at around 443 K. Interestingly, further increases in temperature above 487 K leads to another transition from the β' back to the β phase. In other words, the β' phase is only stable over a quite narrow temperature range.
Although many Kohn-Sham density functional theory (KSDFT) simulations of other Mg-Al intermetallic compounds have been reported in the literature, e.g., for
Mg 17 Al 12 [11] [12] [13] [14] [15] , far fewer have been performed on Mg 2 Al 3 Samson phases because of two difficulties. One is the unit cell size: each cell of β-Mg 2 Al 3 and β'-Mg 2 Al 3 consists of 1172 and 879 atoms, respectively. Such a large number of atoms is expensive for conventional KSDFT algorithms to compute. Second, both phases contain elementally disordered atomic sites. For β-Mg 2 Al 3 , additionally some of its disordered sites are vacant, whereas all of the disordered sites in β'-Mg 2 Al 3 are fully occupied by either Mg or Al atoms [10] . Therefore, the structure of the β-phase is significantly more complexwith three possible occupations of each lattice site -than the β' phase -with only two possible occupations. Moreover, inclusion of vacant sites in the β-phase complicates the virtual crystal approximation (VCA) [16] 594-78x , where x denotes the site occupancy factor (SOF, where x denotes the fraction of disordered sites occupied by Mg). The SOF for this alloy was determined by X-ray diffraction to be 0.5 [10] , which simplifies our analysis considerably by allowing use of the VCA mentioned above and described below. Figure 1 illustrates the top and side views of the hexagonal structure of β'-Mg 2 Al 3 phase.
The complexity of computational characterization of β'-Mg 2 Al 3 using KSDFT, along with other approximations, has been appreciated in the literature. For example, Bernstein et al. [17] aimed to model the interface between β-Mg 2 Al 3 and Al. Three simplifications had to be utilized to enable simulations with periodic boundary conditions. First, cubic β-Mg 2 Al 3 was substituted by the β'-Mg 2 Al 3 structure, justified by the similarity between the (111) surface structure of β-Mg 2 Al 3 and the bulk structure of hexagonal β'-Mg 2 Al 3 . Second, the SOF of β'-Mg 2 Al 3 was not considered, with all 78 disordered atomic sites replaced by Al atoms, which thus represents a maximally Al-rich version of β'-Mg 2 Al 3 . Third, a very low kinetic energy cutoff (240 eV) for the plane wave basis set was used in order to afford the calculations. Although the first approximation -also used in the current study -is reasonable, the latter two approximations are questionable, because of the change in stoichiometry and the inaccurate basis set expansion.
In this work, we adopt another DFT scheme, orbital-free DFT (OFDFT) [18] , which scales quasi-linearly with the number of grid points in the unit cell and with a small scaling prefactor, which enables very fast computations. Because OFDFT combined with nonlocal kinetic energy density functionals already has been proven to be as accurate as KSDFT for Al [19] [20] [21] [22] , Mg [23, 24] , and its alloys [15, 25, 26 
Theoretical Methods
We used the PROFESS 3.0 package [27] to perform all of the OFDFT calculations. We employed the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation exchange-correlation (XC) functional [28] , the Wang-Teter (WT) kinetic energy density functional (KEDF) [29] , and bulk-derived local pseudopotentials (BLPSs) of Mg and Al [30] to describe the electron-ion interactions. As mentioned earlier, OFDFT with the WT KEDF and the Mg and Al BLPSs accurately predicts a variety of properties of Al, Mg, and Al-Mg intermetallic compounds [25, 26, 31] . In particular, elastic and thermodynamic properties of the four stoichiometric Mg-Al intermetallic compounds in the Al-Mg binary phase diagram agree very well with available experimental data [15, 32] . We therefore continued to use the same KEDF and BLPSs in the present work.
In addition, we used the same plane wave basis kinetic energy cutoff (1200 eV) for the KEDF. All geometries were optimized until the inter-atomic forces reached the tolerance of 5×10
-5 hartree-bohr -1 (2.6 meV/Å).
We employed the VCA method and coupled it with PROFESS 3.0 via scripts to describe the disordered atomic sites occupied by Mg or Al atoms. The ion-electron 
As mentioned earlier, x was determined to be 0.5 for the β' Samson phase in the most recent experiment revisiting the structures of Mg 2 Al 3 Samson phases [10] . We henceforth focus on characterizing the properties of β'-Mg 2 Al 3 with the SOF equal to 0.5, while also artificially changing this SOF from 0 to 1 to examine its influence on the alloy formation energy (vide infra).
Although the rhombohedral representation of a hexagonal β'-Mg 2 Al 3 unit cell can reduce the size of a simulation cell by a factor of three, the resulting number of atoms (293) in the rhombohedral structure remains computationally challenging for conventional KSDFT calculations. Furthermore, the rhombohedral structure is inconvenient to compute elastic constants and mechanical properties (vide infra). We therefore used the hexagonal unit cell throughout this work, except for phonon calculations where a 2 × 2 × 2 supercell of the rhombohedral unit cell was used. To calculate the equation of state (EOS), we linearly scaled lattice constants c and a of the equilibrium structure of β'-Mg 2 Al 3 . We computed phonon frequencies via the finitedisplacement method [33, 34] . We first obtained the force constants derived from total energy and gradient calculations on supercells with atoms displaced in six directions (±x, ±y, and ±z) from their equilibrium positions. This method led to 1758 (293 × 6) energy and force calculations on the supercells, each containing 2344 atoms. The resulting force constants were then post-processed into phonon density of states (PDOS) via a Pythonbased interface [15] coupling the PHONOPY program [35] to PROFESS 3.0. We used a 24 × 24 × 24 q-point sampling grid to compute the PDOS. We performed phonon calculations for the supercells at eight different volumes near the equilibrium one to obtain the numerical dependence of the phonon frequency on cell volume.
We also calculated strain-stress relations (represented by stress-strain curves). The strain is an input parameter, with the resulting stress calculated by OFDFT. The maximum stress and its corresponding strain in the stress-strain curve are the ideal stress and strain, respectively. We used a strain step of 1% for uniaxial tension and simple shear to create uniaxial and shear stresses, respectively. The other stress components, along with the atomic coordinates, were fully optimized at each strain step. The optimized structure was used as the initial configuration for the following strain step.
We also carried out OFDFT molecular dynamics (MD) simulations for the β'-Mg 2 Al 3 phase in order to compute its PDF and analyze its finite-temperature structure.
We worked within the canonical ensemble (NVT) using the Nosé-Hoover [36, 37] thermostat, as implemented in PROFESS 3.0. The temperature was set to 470 K with an MD time step of 0.5 fs. The solid β'-Mg 2 Al 3 phase was equilibrated for 5 ps followed by a 10-ps production run sufficient to converge structural properties. The computed PDF was compared with experimental data to validate our abovementioned theoretical methods. Thereafter, atom-decomposed PDFs were computed to reveal more detailed structural information about β'-Mg 2 Al 3 at finite temperature, not available from experiment.
Results and Discussion
Because the VCA and OFDFT methods are the theoretical foundations of this work to obtain an accurate characterization of the β'-Mg 2 Al 3 structure, we begin by validating our theoretical approach by comparing computed lattice constants, elastic constants, and the PDF of β'-Mg 2 Al 3 with available experimental benchmarks.
We fully optimize the lattice constants and atomic coordinates of β'-Mg 2 Al 3 to obtain its equilibrium structure. [38] .
With the optimized geometries, we compute the elastic constants based on the strain-energy method [39] that we applied previously to four other Mg-Al intermetallic compounds [31] . The resulting five independent elastic constants C 11 , C 12 , C 44 , C 13 , and C 33 for hexagonal β'-Mg 2 Al 3 are listed in Table 1 . Experimentally, the elastic constants C 11 , C 12 , and C 44 of Mg 2 Al 3 were measured over a wide range of temperatures, from room temperature to 573 K, with no strong dependence on temperature observed [10] . The elastic constants of both β and β'-Mg 2 Al 3 therefore should be similar [10] . As seen from Table 1 , our calculated elastic constants agree quite well with experiment. We next calculate the EOS by fixing the lattice constants of linearly scaled unit cells compressed or expanded around the equilibrium volume and completely relaxing their atomic coordinates. Figure 2 displays the energy of a β'-Mg 2 Al 3 unit cell at different volumes. We observe a parabolic EOS curve, which suggests normal behavior of the interatomic forces. We then employ the PHONOPY package [35] to fit the energyvolume relation to the third-order Birch-Murnaghan isothermal EOS [40, 41] , obtaining a predicted bulk modulus for β'-Mg 2 Al 3 of 56.8 GPa. Alternatively, the bulk and shear moduli can be calculated from the five independent elastic constants ( OFDFT-MD simulations at 470 K provide finite-temperature structural properties of β'-Mg 2 Al 3 . Because the PDF for the β' phase has not yet been measured [10] , we instead compare to the related β phase for which the experimental PDF is available. We argue that the PDFs of the two different phases are comparable at least due to the structural similarity between the (111) surface of the cubic β phase and the hexagonal structure of the β' phase. As shown in Figure 3 , the overall PDF obtained from OFDFT is indeed very similar to that measured for the β phase at room temperature. The higher Al-Mg peaks in the PDF of the β phase is because it is more ordered than the β' phase.
This increased order is also reflected in the larger space group number of the β phase 
symmetry operations [42] ). [10] Thus, on the basis of all of these structural and elasticity property validations, it is clear that OFDFT with the VCA gives rise to quite accurate properties for β'-Mg 2 Al 3 , lending credence to subsequent property predictions using this approach.
Simulations enable us to decompose the PDF in Figure 3 into different contributions based on atomic pairs, to gain further insight into the structure of β'- We next examine the energetics of β'-Mg 2 Al 3 . First, we compute the formation energy E f at zero temperature without accounting for zero-point energy (ZPE). We not only consider the experimental SOF (0.5) but also vary the SOF values x from 0 to 1. In general, the dependence of the formation energy E f on the SOF can be written as 
where 285 78 594 78
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where To assess the phonon contributions to the free energies, we need to compute phonon frequencies using OFDFT for β'-Mg 2 Al 3 at different volumes (vide infra). ( ) ( )
where h is the reduced Planck constant, k B is the Boltzmann constant, and becomes less stable when the temperature is increased and finally transforms to the β phase at a higher temperature. [46] , however it is unclear which of them is mainly responsible for the fracture of these dissimilar welding interfaces [9] . We therefore assess the ductility of these two compounds to gain some insight. We focus on the <001> slip system for Mg 17 Al 12, as Lu and coworkers [47] predicted that it has the lowest unstable stacking fault energy.
Because no other prior information is available, here we assume that the preferred slip system for β'-Mg 2 Al 3 is <0001> because this slip system corresponds to the basal slip system for a hexagonal crystal.
To compare the ductility of β'-Mg 2 Al 3 and Mg 17 Al 12 , we first convert the calculated elastic constants in Next we consider the influence of shear and tensile stress. Although the ideal stresses and strains cannot be reached in reality because of various defects such as dislocations that form during plastic yielding, Ogata and Li found a correlation between measured fracture toughness and ideal stresses and strains [49] .
They proposed a metric of dimensionless brittleness that can be derived from computed 
respectively, where 0 Ω and Ω are the volumes of a system at equilibrium and under different strains, respectively. σ and γ refer to tensile and shear stresses, respectively. ε 
The smaller ∆ corresponds to better ductility.
The predicted ∆ value (interfaces between Mg and Al alloys. 
